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Abstract 
This study focuses on testing the tensile properties of polypropylene (PP) based wood plastic 
composites (WPCs) to be compared with polyhydroxyalkanoate (PHA) based WPCs which are 
being investigated by the UQ Composites group. The extrusion of PP based composites is well 
established but the purpose of this project is to maintain constant or similar extrusion parameters 
to the PHA research while varying the polymer matrix for the samples. Consequently, the tensile 
strength, modulus and elongation at fracture, which are the mechanical properties of interest, can 
be directly compared with the PHA results. The factors that have been varied to improve 
composite performance are wood content, type of wood reinforcement, presence of coupling 
agents and presence of additives which include talc and calcium carbonate.  
The extrusions were completed using dry Pinus radiata wood flour with a particle diameter of 
300µm or wood fibres as the main reinforcement and Moplen PP HP422M as the matrix. The base 
temperature for most of the heating zones in the extruder was 230°C and the twin screw 
configuration was set to run at 100RPM.  
The tensile test carried out corroborated (Biron 2013)’s observation that increasing the wood 
content of the samples decreases the tensile strength, due to poor interface, but improves the 
stiffness of the composite. The elongation at break also reduced with increasing wood content due 
to loss of ductility. The experimental tests also showed that the wood flour runs performed better 
compared to the wood fibre specimens with regards to tensile strength, despite the lower aspect 
ratio, as a result of better interaction with the matrix. The wood flour samples recorded higher 
moduli than the fibre tests at higher wood contents such as 40% due to better dispersion in the 
medium. The strain at fracture was also higher in the wood flour specimens. Maleic anhydride 
polypropylene (MAPP) which was used as a coupling agent in some of the trials improved the 
cohesion between reinforcement and matrix thus increasing the tensile strength. The coupling 
agent also increased the homogeneity of the composite which increased stiffness and the MAPP 
had little effect on the elongation at failure. Talc was included as an additive in 3 of the trials 
which increased the strength as stress was transferred to the stronger talc particles. The additive 
also increased the tensile modulus and had no significant effect on the strain at fracture. Calcium 
carbonate was introduced in one of the runs and it reduced tensile strength but didn’t improve the 
stiffness as expected due to the high percentage used (10%). Similar to talc, the compound had 
little effect on the elongation at break. In summary, the experimental results followed most of the 
trends discussed in literature and varying magnitudes can be explained by the incomplete 
optimisation of the extrusion parameters. 
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1.0 Introduction 
1.1 Problem description 
The composites group at UQ are currently investigating the mechanical properties of an 
emerging bio-composite using polyhydroxyalkanoate (PHA) as the matrix and Pinus radiata 
wood flour/fibres as the reinforcing material. There is a need to compare the mechanical 
properties of the new composite with that of a more established composite. This thesis project 
focuses on extruding similar sized strips of polypropylene (PP) with wood flour/ fibres to 
compare with the PHA samples. Another undergraduate student will be conducting similar 
mechanical tests except using polyethylene (PE) as the matrix. Comparing the PHA based 
composites with the PP and PE composites will give a direct comparison using the same 
wood type. 
1.2 Hypothesis/ Expected outcomes 
The mechanical properties tested which include tensile strength, tensile modulus and 
elongation at break should yield similar results to that of literature. Anomalies will be 
investigated and discussed but it is expected that the trend of the results will at least be similar 
even if the magnitude of the results vary. 
1.3 Aims and objectives 
 Extrude samples of PP with wood flour or wood fibres to be mechanically tested and 
compared with virgin PP. 
 Improve the mechanical properties which include tensile strength, tensile modulus and 
strain at fracture by varying reinforcement type, wood content, presence of coupling 
agents and presence of additives. 
 Determine the optimal parameters to extrude PP based wood plastic composites as a 
minor objective. 
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1.4 Scope 
Table 1: Scope of thesis project 
In scope Out of scope 
Test effect of wood content on mechanical 
properties 
Testing different types of wood apart from 
Pinus radiata. Testing PP apart from Moplen 
PP HP422M. Test effect of using wood flour vs. fibres 
Test effect of coupling agents (Maleic 
anhydride Polypropylene-MAPP) on 
mechanical properties 
Testing wood flour particle sizes apart from 
300µm 
Varying wood moisture content in extrusions 
Test effect of additives such as talc and 
calcium carbonate on mechanical properties 
Testing different sized specimens to the PHA 
samples that UQ Composites group is 
investigating 
Testing impact strength of specimens and 
flexural properties. However, impact strength 
will be discussed in the literature review as 
the information may be useful for future 
research 
2.0 Literature review 
2.1 Outline 
 Applications 
 Effect of using wood fibre vs. flour 
 Effect of wood content on mechanical properties 
 Effect of coupling agents on mechanical properties 
 Effect of additives such as talc and calcium carbonate on mechanical properties 
 Effect of wood moisture content on mechanical properties 
 Optimal parameters for extrusion and effective wood particle size 
 Summary 
2.2 Applications 
Wood plastic composites (WPC) made from polypropylene and Pinus radiata can be used for 
a variety of applications to substitute the use of traditional wood as it has a number of 
desirable characteristics such as lower thermal expansion, higher modulus and lower cost. 
Some of the areas that WPC are used in include decking, railing, fencing, furniture, tool 
handles and automotive parts. (Hanawalt 2012) (Biron 2013) 
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2.3 Effect of using wood fibre vs. flour 
Table 2: Advantages of using wood fibre and flour (Rowell 2012) 
Wood fibre Wood flour 
Higher strength and aspect ratio which 
increases the efficiency at which stress is 
transferred to the stronger fibres. 
Higher bulk density and flows better in 
matrix. 
Lower cost, more commonly used and 
readily available. 
 
Samples that use higher wood contents are a lot easier to be made from wood flour as it flows 
better in the polymer matrix.  
2.4 Effect of wood content on mechanical properties 
WPC wood contents range from 20-60% depending on the mechanical properties that are 
required. A higher wood content should result in a higher tensile stress due to the transfer of 
stress from the matrix to the stronger wood fibres/flour. The wood within the composite also 
increases the stiffness of the material as the flour/fibres are better at resisting deformation. 
The strain at break of the composite decreases with increasing wood content as the composite 
becomes less ductile. Impact strength decreases with increasing wood content as the sample 
can absorb less energy due to the weaker bonds between the matrix and the fibres (Ndiaye et 
al 2012) (Biron 2013). 
The following graphs highlight the increasing effect that wood content has on the tensile 
strength and modulus. 
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Figure 1: Effect of wood content on tensile strength and modulus (Ndiaye et al 2012) 
 The tensile tests were done on an Instron 5585H according to ASTM D638 standards. The 
values from the graph are tabulated in the following tables. 
Table 3: Effect of wood content on tensile strength (Adapted from figure 1(a) ) 
Wood content (%) Tensile strength (MPa) 
0 30 
5 31 
25 33.5 
50 28.5 
 
Table 4: Effect of wood content on tensile modulus (Adapted from figure 1(b) ) 
Wood content (%) Tensile modulus (GPa) 
0 .25 
5 .3 
25 .7 
50 .9 
Figure 1 shows that the tensile strength increases with wood content up to 25% and then 
decreases. This decrease in tensile strength can be attributed to the poor interface between 
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matrix and the wood as the samples with coupling agent, Maleic anhydride polypropylene 
(MAPP), mixed in had a trend that kept increasing up to 50% wood content. Graph (b) in 
Figure 1 indicates that the modulus increases with increasing wood content. The tensile 
moduli in Table 4 are also rather low as the WPCs were made using injection moulding and 
not extrusion.Figure 2 and Table 5 show much higher moduli for extruded polypropylene 
based WPCs. 
 
Figure 2: Effect of wood content on elastic modulus (BYK 2013) 
 
Table 5: Effect of wood content on elastic modulus (Adapted from Figure 2) 
Wood content (%) Tensile modulus (GPa) 
0 1.3 
40 2.6 
50 2.8 
60 3.6 
 
The following table from (Biron 2013) shows a similar trend in results for the tensile modulus 
but not the tensile strength. 
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Table 6: Effect of wood content on tensile strength, modulus and strain at break (Biron 2013) 
Mechanical property Virgin PP Wood content 
20 40 40 60 
Tensile strength 
(MPa) 
33.2 32.3 30.9 26 - 
Tensile modulus 
(GPa) 
1.4 2.7 3.9 3.5 4.9 
Strain at break (%) 10 N/a 6.2 4.5 1.2 
The reduction in tensile strength after the introduction of wood could be attributed to the poor 
interface between the polymer and reinforcement. The experiments run using coupling agents 
during the course of the thesis will help verify if this is true. The following graph from 
(Mortensen 2006) demonstrates that a higher tensile strength can be achieved with increasing 
wood content by using some sort of dispersing agents or high intensity mixer.  
 
Figure 3: Effect of dispersing agent on increasing wood content (Mortensen 2006) 
The dispersing agent ensures that the wood is evenly mixed throughout the matrix and a 
higher stress can be more uniformly distributed across the WPC. Dispersing agents should not 
be confused with coupling agents and was not investigated during the course of the thesis. 
The initial hypothesis that increasing the wood content improves tensile strength was 
maintained as it was assumed that the mixing zones in the extruder would be capable of 
sufficiently dispersing the flour/ fibres. 
Table 6 also supports the idea that the elongation at fracture decreases with the addition of 
wood particles. The following graph from (Ndiaye et al 2012) corroborates this characteristic. 
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Figure 4: Effect of wood content on strain at break (Ndiaye et al 2012) 
The strain at fracture of the samples is tabulated in Table 7. 
Table 7: Effect of wood content elongation at break (Adapted from Figure 4) 
Wood content (%) Elongation at break (%) 
0 (WPPC0) 8.2 
5 (WPPC1) 5.8 
25 (WPPC2) 3.2 
50 (WPPC3) 2 
 
The table shows that the elongation at break decreases as wood content increases. 
The following graph from (Ndiaye et al 2012) illustrates the effect that wood content has on 
the impact strength of a sample. 
 
Figure 5: Effect of wood content on Izod impact strength (Ndiaye et al 2012) 
The values from the graph are tabulated in Table 8. 
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Table 8: Effect of wood content on impact strength (Adapated from Figure 5) 
Wood content (%) Impact strength (J/m) 
0 30 
5 26.5 
25 19 
50 14.5 
The graph shows that impact strength decreases with increasing wood content as predicted. 
2.5 Effect of coupling agents on mechanical properties 
Coupling agents such as MAPP increase the tensile strength by improving the interface 
between the matrix and the reinforcement. MAPP also improves the stiffness as the coupling 
agent increases the amount of stress needed to result in the same amount of strain. The 
elongation at break remains the same even after the addition of MAPP. The impact strength 
with MAPP included is higher as the energy required to break the bonds between the polymer 
and the fibres is higher (Ndiaye et al 2012). 
The following tables from (Ndiaye et al 2012) comparing samples with MAPP and samples 
without MAPP illustrate the points above. 
Table 9: Comparing tensile strength of samples with and without MAPP (Ndiaye et al 2012) 
Wood content 
(%) 
Tensile strength without MAPP 
(MPa) 
Tensile strength with MAPP 
(5%) (MPa) 
5 31 32 
25 33.5 36.5 
50 28.5 38 
Note: Wood content percentage for samples with MAPP is relative to PP and the MAPP 
percentage is relative to the total mass of the composite. 
Table 9 shows that MAPP increases the tensile strength. The table also highlights that MAPP 
has a greater impact on the tensile strength as the wood content is increased. The 50% wood 
content sample with MAPP is almost 10MPa higher than the 28.5MPa recorded for the 
specimen without MAPP 
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Table 10: Comparing tensile modulus of samples with and without MAPP (Ndiaye et al 2012) 
Wood content 
(%) 
Tensile modulus without (GPa) Tensile modulus with MAPP 
(5%) (GPa) 
5 .3 .55 
25 .7 .88 
50 .9 1.05 
Table 10 shows that MAPP increases the tensile modulus of the samples. However, the 
moduli in Table 10 are rather low as the samples in the experiment were injection moulded. 
Table 11 shows the increase in modulus that MAPP has on extruded polypropylene based 
WPCs. 
Table 11: Effect of MAPP on modulus of extruded samples (Nishka et al 2008) 
 
Table 11 indicates that the stiffness increases from 3.8GPa to 4.2 GPa when 5% MAPP is 
used. An increase to10% MAPP only improves the modulus by 0.1 GPa suggesting that 5% 
MAPP is the optimal amount that should be added. The table also shows that the tensile 
strength increases with the addition of MAPP up to 5% but decreases at 10% indicating that 
5% is also the optimal amount of coupling agent to increase strength. Lastly, the elongation at 
break remains roughly the same as predicted. 
Table 12 from (Ndiaye et al 2012) shows that the impact strength increases with the addition 
of MAPP. 
Table 12: Comparing impact strength of samples with and without MAPP (Ndiaye et al 2012) 
Wood content 
(%) 
Impact strength without MAPP 
(J/m) 
Impact strength with MAPP 
(5%) (J/m) 
5 26.5 29.5 
25 19 25.5 
50 14.5 18 
  
10 
 
Figure 6 from (Yeh et al 2013) corroborates (Ndiaye et al 2012)’s observation that the tensile 
strength increases with the addition of MAPP. However, (Yeh et al 2013) observed that the 
tensile modulus remains fairly similar. The extrusions done during this project will help verify 
if MAPP increases the modulus or has no effect. 
 
Figure 6: Effect of MAPP on tensile strength and modulus (Yeh et al 2013) 
Figure 6 shows that tensile strength increases by almost 100% with the addition of 2% MAPP 
while tensile modulus fluctuates slightly as the amount of MAPP is increased. The steep 
increase in strength will be compared with the experimental results obtained during this 
project to determine if MAPP can double the strength of WPCs as observed by (Yeh et al 
2013)   
Figure 7 from (Yeh et al 2013) supports (Ndiaye et al 2012)’s experiments which show that 
MAPP increases impact strength. The figure indicates that adding 5% MAPP increases the 
impact strength by more than 100%. 
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Figure 7: Effect of MAPP on reversed notch impact strength (Yeh et al 2013) 
Figure 7 shows the impact strength increasing from roughly 80 J/m to around 170 J/m. The 
impact strength for this graph is much higher than the data presented in table 11 as it is a 
reversed-notch impact strength test instead of a Izod impact strength test. 
2.6 Effect of additives such as talc and calcium carbonate 
Talc (magnesium silicate) which interacts well with oil, works well in conjunction with PP 
which is hydrophobic. Adding talc increases the tensile strength and modulus as well as 
decreases the impact strength. The stronger talc particles increase the strength and resist 
deformation to increase stiffness. Talc also reduces the amount of energy that can be absorbed 
on impact due to the weaker bonds with the matrix. Calcium carbonate is added as a flame 
retardant and reduces the tensile strength due to poor interface. The compound also has the 
effect of increasing the tensile modulus. The following tables from (Klyosov 2007) 
demonstrate the points mentioned in this paragraph. 
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Table 13: Effect of talc and calcium carbonate on tensile strength and modulus of PP (Adapted from Klyosov 2007) 
Filler Percentage of filler Tensile strength 
(MPa) 
Tensile Modulus 
(GPa) 
None 0 30.9 1.4 
CaCO3 40 21.8 2.2 
Talc 40 32.3 5.0 
Glass fiber 40 35.4 5.1 
Wood (pine) flour 20 26.4 2.3 
40 24.4 3.7 
Table 13 shows that addition of talc increases the tensile strength from 30.9 MPa to 32.3 MPa 
and increases the modulus from 1.4 GPa to 5 GPa. Calcium carbonate decreases the tensile 
strength from 30.9 MPa to 21.8 MPa and increases the modulus from 1.4 GPa to 2.2 GPa. 
Table 14 shows that increasing the amount of talc reduces the impact strength regardless of 
talc particle size. 
Table 14: Effect of talc on impact strength 
 
2.7 Effect of wood moisture content 
A study by (Hietala 2013) shows that that the moisture content of the wood affects the wood 
particle size, aspect ratio and flexural properties but has little effect on the tensile properties. 
Higher moisture content results in a bigger particle size and higher aspect ratio. Despite the 
higher aspect ratio, the samples with less moisture had slightly better flexural properties 
which will not be investigated during the course of this thesis. The study indicates that it is 
possible to use wood samples with higher moisture contents in the extrusions without 
disregarding performance, thus saving on material costs (Hietala 2013).  
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2.8 Optimal parameters of extrusion and wood particle size 
From literature, polypropylene works well when extruded at around 190°C. WPCs with PP 
begin to deteriorate above a temperature of 204°C as the wood flour/ fibres are unable to 
withstand the higher temperatures (Saldivar-Guerra et al 2013). The extrusion process is 
usually done using a compounding twin screw or profile using a single screw. The size of 
wood particles commonly used range from 50-700 micrometers with 500 being the most 
commonly used as it has the highest flexural strength and modulus. Increasing the particle 
size to 1180 micrometers is said to improve or “ameliorate” properties (El-Hagger et al 2011) 
(Klyosov 2007). However, a wood particle size of 300 micrometers will be used as the UQ 
Composites group have found that this size yields the desired mechanical properties and is 
available in abundance. 
2.9 Summary 
 Wood fibres should improve strength more than wood flour due to the higher aspect 
ratio but it may be difficult to extrude wood fibres at high wood contents such as 60%. 
 Increasing wood content should increase the tensile strength and modulus while 
decreasing the strain at fracture and impact strength. 
 Coupling agents such as MAPP will improve the interface between the matrix and 
reinforcement thus increasing the tensile strength. The addition of MAPP will also 
increase the stiffness of the composite by improving the dispersion of wood. MAPP 
shouldn’t affect the elongation at break and it should increase the impact strength. 
 Additives such as talc should increase the tensile strength and modulus while 
decreasing the impact strength. Calcium carbonate will reduce the tensile strength and 
increase the modulus. Both additives shouldn’t have a significant effect on the strain at 
fracture. 
 The optimal operating temperature should be around 190°C and a wood particle size 
of 300 micrometers will be used.  
 Wood with higher moisture contents can be used in the extrusions with minimal effect 
on composite tensile properties but this will not be tested. 
 The aim is to extrude samples using the same ratio as discussed in the literature review 
and produce results that are similar to other researchers. The results should at least 
show the right trend if the magnitude of strength, modulus and strain at fracture vary.  
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3.0 Method 
3.1 Preparation for extrusion 
 Polypropylene: Moplen PP HP422M (refer to Appendix 8.1 for datasheet), Wood 
flour: 300µm Pinus radiata, wood fibre: grinded Pinus radiata chips.  
 Dried wood fibres for 24 hours at 105°C in composites lab oven. Then disintegrated 
fibres into fine strands using a coffee grinder. Completed preparation by drying the 
wood fibres in a vacuum oven at 105°C for 24 hours before being vacuum sealed in a 
bag. The moisture content of the fibres was reduced as much as possible to ensure 
thorough mixing with the polymer and to optimise the output rate of the extruder. The 
assumption was made that a lower moisture content is beneficial for tensile properties 
which differs from (Hietala 2013)’s observation.  Low wood moisture content was 
made a constant variable for the tests as most results in literature are based on this 
parameter. 
 Wood flour was dried for 24 hours at 105°C in composites lab oven and vacuum 
sealed to prevent reabsorption of moisture.  
 Weighed dry wood fibres and flour to ensure that there was enough material to 
complete 14 runs of 150g in total mixture weight each. 
 Note: Should have premixed material for each run and vacuum sealed to prevent 
absorption of moisture but there weren’t enough bags to separate the material. Wood 
fibre and flour was vacuum sealed in bulk quantities instead. 
3.2 Extrusion  
 Used EUROLAB 16 Twin Screw Extruder for extrusion runs (Figure 8). 
 Temperature profile: 
Table 15: Temperature profile of extruder 
Zone  2 3 4 5 6 7 8 9 10 Die 
Temperature 
(°C) 
170 230 230 230 230 230 230 230 220 190 
 
 Note: The base temperature for most of the extrusion zones is 230°C and not 190°C as 
discussed in literature as the polymer was too viscous at the lower temperature. Wood 
begins to degrade when directly exposed to a temperature roughly above 204°C but 
the wood flour/fibres would be coated in PP when it reaches zone 3 and a higher 
temperature can be set for that zone. The temperature of the die is set to 190°C so that 
the WPC can retain its shape when setting. 
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 Screw speed: 100 rpm  
 Feeding style:  
i) Wood flour (Flood feed): The flour and PP pellets were premixed and fed at a 
constant rate whilst ensuring that the barrel was close to full. 
ii)  Wood fibres (Starve feed): PP pellets were introduced using a feeder at varying 
speeds and the fibres were forced into the barrel opening at roughly 2g/ min to 
obtain varying wood contents.   
Note: The overall mass of materials used in the attempt to extrude 60% fibre was 
measured and the average wood content was calculated. This step was taken as a 
fibre feed rate of 2g/min could not be achieved with the lower feed rate of PP 
pellets which hindered fibre uptake by the screws. As a result, the run only 
contained 51% fibre instead of the 60% that had been planned. 
 2 mixing zones: Each mixing zone had 2 sets of mixing elements at 0° and 90° as well 
5 mixing elements at 30° (Figure 9). 
 A test matrix of the extrusions performed is tabulated on the in Table 16. The fibre and 
flour ratio is relative to the polymer weight and the coupling agent and additive ratio is 
relative to the total mass of the specimen. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: EUROLAB 16 Twin Screw Extruder 
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Figure 9: Screw profile 
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Table 16: Extrusion test matrix 
 
 
 
 
 
 
 
 
 
 
Note: 2% MAPP was used instead of the 5% discussed in literature as this percentage worked well for the PHA tests. 
 
Trial Matrix Reinforcement Additives Coupling Agent 
Moisture 
content 
(%) 
Fibre ratio 
(%wt) 
Additive 
ratio 
(%wt) 
Coupling agent ratio 
(%wt) 
1 PP None none none N/A 0 0 0 
2 PP Wood flour none none dry 30 0 0 
3 PP Wood flour none none dry 40 0 0 
4 PP Wood flour none none dry 50 0 0 
5 PP Wood flour talc none dry 50 10 0 
6 PP Wood flour talc none dry 50 5 0 
7 PP Wood flour none MAPP dry 50 0 2 
8 PP Wood flour talc MAPP dry 50 10 2 
9 PP Wood flour CaCO3 none dry 50 10 0 
10 PP Wood flour none none dry 60 0 0 
11 PP Wood Fibre none none dry 40 0 0 
12 PP Wood Fibre none none dry 30 0 0 
13 PP Wood Fibre none none dry 50 0 0 
14 PP Wood fibre none none dry 60 0 0 
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3.3 Cutting  
 Aligned template within laser cutting machine and set origin for the cutting process. 
 Centred samples within template and set focal length of laser cutter (Figure 10). 
 Cut 5 samples for each run according to ASTM D638-10 (type V in Figure 11) 
 Important dimensions include: Gauge width=3.18 .2 mm, gauge length=7.62 .3mm, 
gauge thickness=3.2 .4 mm 
 Waited for a few seconds to allow fumes to be extracted before samples were 
retrieved. 
 Repeated cutting process for samples that did not have the specified gauge width. It 
was easier to meet the requirements for gauge length but not for gauge thickness 
which varied by more than the .4mm set by the standard. The thickness of the samples 
was difficult to control as it is limited by the die profile, thus specimens measuring 
between 2 and 3.5mm were accepted.  
 
 
 
 
 
 
 
 
 
 
Figure 10: Cut samples that have been centred within 
template 
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3.4 Testing  
 Tested samples according to ASTM D638-10 which is the standard to determine the 
tensile properties of dumbbell shaped samples of normal and reinforced plastics. An 
Instron 5584 was used for testing (pictured in Figure 12) 
 Numbered samples at both ends so that the specimens can be identified if the 
microstructure of the fractured surfaces is examined in the future. 
 Used load cell of 1kN and pneumatic grips for testing 
 Marked samples with 2 white points and used video Extensometer to record specimen 
strain  
 Set strain rate to 1mm/mm.min which corresponds to a cross-head speed of 10 2.5 
mm/min (Table 17) 
 
Figure 11: Samples cut according to specimen type V 
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Table 17: Strain rate set by ASTM D638 
Cross-head speed (mm/min) Strain rate (mm/mm.min) 
1 25% .1  
10 25% 1 
100 25% 10 
 
 
Figure 12: Instron 5584 used for tensile tests 
3.5 Method used for analysing results 
 Dr. Vandi provided 2 Microsoft Excel templates for analysing the results. Template A 
was used for comparing samples within the same run and template B was used for 
comparing results in different runs. 
 Template A provided accurate tensile strength and modulus readings but the results 
had to be manipulated slightly to obtain the elongation at break reading. The Excel file 
recorded the strain at fracture as the last recorded point from the raw data file even 
though the specimen had fractured earlier. An example of the original raw data and 
manipulated data is shown below in Figure 13 and Figure 14.  
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Figure 13: Original raw data for run 11 (30% wood fibre) 
 
Figure 14: Manipulated results for run 11 (30% fibre) 
 Referring to the original data in Figure 12, the last few points in the 2 curves with the 
highest tensile strain were deleted as fracture has occurred where the tensile stress 
drops of suddenly. Line 52 (red), 53 (green) and 54 (yellow) experience a reduction in 
strain even though the stress is increasing which can be explained by the fact that the 
specimen had begun to fracture outside the area of the 2 marked dots, thus moving the 
2 points together and reducing the recorded strain. The data was offset to the right by 
the required value to achieve the true elongation at break reading. 
 The tensile strength for template A was recorded as the highest reading from the raw 
data file and the tensile modulus was recorded as the slope between a strain of .03% 
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and .2%. The bounds of the tensile modulus could be adjusted and these values were 
chosen as it was within the elastic region for all 14 runs. 
 Template B used the processed results from template A to produce box-plots as well 
as a summary table of the mean, median, Q1 (1
st
 Quartile), Q3 (3
rd
 Quartile), 
minimum and maximum value. The box-plots were used to identify trends in the data 
and the summary tables were used to reinforce these observations. There were 
instances where the mean from the summary table was skewed by an unusually high 
or low reading and the box-plot observations were used instead of the latter as it 
provided a more accurate description of the results.   
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5.0 Results and discussion 
5.1 Comparison within run 
 
Figure 15: Run 1 (Pure PP) 
Figure 15 compares the 5 samples from run 1 using template A. There is a bit of signal noise 
within the elastic region for a couple of the samples which affects the tensile modulus 
recorded. The anomalies are highlighted in Figure 17 and the tensile moduli for these runs 
were disregarded to obtain a more accurate summary of the results. Refer to Appendix 8.2 for 
a complete comparison of all the tests performed. 
5.2 Comparison between pure PP and WPC 
The tensile strength of the 50% wood flour and 50% wood fibre samples were lower 
compared to pure PP which is similar to Biron’s observation. The decrease in tensile strength 
is caused by the poor interface between the matrix and reinforcement. The magnitude of the 
recorded tensile strength for pure PP, 50% wood flour and 50% wood fibre were lower than 
the anticipated values which can be attributed to the incomplete optimisation of the extrusion 
parameters. The results also show that the addition of wood flour and fibres increases the 
modulus to a magnitude similar to the measurements made in literature. Lastly the elongation 
at break of the pure PP run is a lot higher compared to the 50% wood fibre and 50% wood 
flour trial as expected. 
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Figure 16 and Table 18 illustrate the decrease in tensile strength after the introduction of 
wood flour and wood fibres.
 
Figure 16: Tensile strength comparison between pure PP sample and WPCs 
 
Table 18: Tensile strength comparison between pure PP sample and WPCs 
Specimen content Mean tensile strength (MPa) 
Pure PP 26.9 
50%Wood flour 18.3 
50%Wood fibre 15.2 
The material safety data sheet from the manufacturer only provided the pure PP yield strength 
which was 31MPa. This value is still higher than the average UTS of 26.9MPa achieved in 
these extrusions. The company manufacturing the material is capable of producing specimens 
with higher tensile strengths as their researchers have fully optimised the extrusion process for 
this type of polypropylene. The 50% wood flour and wood fibre samples recorded a tensile 
strength of 18.3MPa and 15.2MPa respectively which is significantly lower than the 26-
28.5MPa achieved in literature. The researchers quoted have also spent more time optimising 
the process and may have introduced additives to improve the interface between the matrix 
and reinforcement. 
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 Figure 17 and Table 19 demonstrate the increase in stiffness that wood flour and fibres have 
when mixed with pure PP. 
 
Figure 17: Tensile modulus comparison between pure PP and WPCs 
 
Table 19: Tensile modulus comparison between pure PP and WPCs 
Specimen content Mean tensile modulus (GPa) 
Pure PP 1.0 
50%Wood flour 3.2 
50%Wood fibre 2.9 
The 2 lowest tensile moduli for the pure PP run seem unusually low as one is close to 0 and 
the other is a negative value. This discrepancy is caused by noise in the data which affects the 
results (refer to Figure 15). The modulus of the pure PP run averages around 1.6GPa when the 
2 lowest values are disregarded which is similar to the 1.3GPa recorded by (BYK 2013). The 
50% wood flour and wood fibre samples yielded a measurement of 3.2GPa and 2.9GPa 
respectively which is similar to the 2.8GPa discussed in literature.  
Figure 18 and Table 20 highlight the decreasing effect that wood flour and fibres have on the 
elongation at break of pure PP. 
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Figure 18: Elongation at break comparison between pure PP and WPCs 
 
Table 20: Elongation at break comparison between pure PP and WPCs 
Specimen content Mean elongation at break (%) 
Pure PP 13.6 
50%Wood flour 1.4 
50%Wood fibre 1.6 
The pure PP strain at break of 13.6% is a higher than the 8.2% measured by (Ndiaye et al 
2012) but this is because different types of polypropylene pellets were used for the extrusion. 
The 50% wood flour run had an elongation of 1.4% and the 50% fibre sample yielded a result 
of 1.6% which is similar to the 2% strain recorded by (Ndiaye et al 2012). 
5.3 Effect of wood content  
5.3.1 Wood flour 
The experimental results indicate that the WPC tensile strength decreases with increasing 
wood flour which is similar to Biron’s observation. The stiffness increases while the 
elongation at break reduces with increasing wood content as expected. 
Figure 19 shows the decreasing trend of tensile strength as wood flour content is increased 
and Table 21 summarises this trend.  
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Figure 19: Effect of wood flour content on experimental tensile strength 
 
Table 21: Effect of wood flour content on experimental tensile strength 
Wood content Mean tensile strength (MPa) 
30%Wood flour 20.3 
40%Wood flour 20.2 
50%Wood flour 18.3 
60%Wood flour 16.6 
The experimental results disagree with that of (Ndiaye et al 2012) and follow that of (Biron 
2013). As discussed in literature, this reduction in strength can be related to the poor interface 
between the PP and wood flour. The assumption that the mixing zones would be able to 
provide sufficient mixing to increase tensile strength is also inaccurate. The summary table 
indicates that the tensile strength only reduces from 20.3MPa to 20.2MPa between 30% and 
40% although the box-plot shows that the minimum value for the 30% wood flour test drags 
the average down. 
Figure 20 shows the increasing trend of tensile modulus with increasing wood content and 
Table 22 corroborates this observation. 
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Figure 20: Effect of wood flour content on experimental tensile modulus 
 
Table 22: Effect of wood flour content on experimental tensile modulus 
Wood content Mean tensile modulus (GPa) 
30%Wood flour 1.8 
40%Wood flour 3.0 
50%Wood flour 3.2 
60%Wood flour 3.4 
The box-plot shows that the 60% wood flour sample maximum was lower than that of the 
50% specimen and the minimum of the 40% sample is higher than the 50% as well as the 
60% sample minimum. However, the median, Q1 and Q3 consistently show that stiffness 
increases with wood content as discussed in literature. 
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Figure 21 shows that the elongation at break decreases with increasing wood content up till 
50% and Table 23 supports this observation.
 
Figure 21: Effect of wood flour content on experimental elongation at break 
 
Table 23: Effect of wood flour content on experimental elongation at break 
Wood content Mean elongation at break (%) 
30%Wood flour 6.0 
40%Wood flour 3.5 
50%Wood flour 1.4 
60%Wood flour 1.5 
The elongation at break increases only slightly from 1.4% to 1.5% between 50% and 60%, 
indicating that the elongation at break begins to plateau at around 50% wood content. 
5.3.2 Wood fibre 
The experimental results demonstrate that increasing wood fibre content shows similar trends 
to that of increasing wood flour content. The tensile strength decreases, the modulus increases 
and the elongation at break decreases. 
Figure 22 and Table 24 show the decreasing trend of tensile strength with increasing wood 
fibre content. 
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Figure 22: Effect of wood fibre content on experimental tensile strength 
 
Table 24: Effect of wood fibre content on experimental tensile strength 
Wood content Mean tensile strength (MPa) 
30%Wood Fibre 20.7 
40%Wood Fibre 16.7 
50%Wood Fibre 15.2 
51%Wood Fibre 15.5 
The tensile strength for the 51% samples (15.5MPa) is slightly higher than that of 50% trial 
(15.2MPa) but is very similar and therefore doesn’t affect the observation made about the 
decreasing strength trend. 
 Figure 23 and Table 25 demostrate the increasing tensile modulus trend with increasing wood 
fibre content up to 50% 
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Figure 23: Effect of wood fibre content on experimental tensile modulus 
 
Table 25: Effect of wood fibre content on experimental tensile modulus 
Wood content Mean tensile modulus (GPa) 
30%Wood Fibre 2.2 
40%Wood Fibre 2.3 
50%Wood Fibre 2.9 
51%Wood Fibre 2.5 
The 51% wood fibre sample mean tensile modulus  of 2.5GPa is lower than the 50% sample 
average of 2.9GPa which suggests that the modulus peaks at 50% and begins to deteriorate 
after that point. A method for extruding 60% wood fibre samples needs to be developed in 
order to determine if there is a stronger relation between decreasing stiffness above 50% 
wood fibre content as 51% is too similar to 50%. 
Figure 24 and Table 26 show the decreasing trend of elongation at break with increasing 
wood fibre content up till 50%. 
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Figure 24: Effect of wood fibre content on experimental elongation at break 
 
Table 26: Effect of wood fibre content on experimental elongation at break 
Wood content Mean elongation at break (%) 
30%Wood Fibre 4.15 
40%Wood Fibre 3.33 
50%Wood Fibre 1.64 
51%Wood Fibre 2.40 
Although the 51% fibre samples have a higher elongation at break compared to the 50%, it is 
still lower than the 40% samples and the maximum as well as minimum value is similar to the 
50% samples. This indicates that the decreasing elongation at break with increasing wood 
content observation still holds. 
5.4 Effect of wood flour vs. fibre 
The experimental results suggest that the tensile strength of the wood flour samples is higher 
than the fibre samples which contradicts the initial hypothesis.  The results also show that the 
tensile modulus is higher for fibres at a wood content of 30% but is lower for samples with a 
wood content of 40% or higher. Lastly elongation at break for the wood flour samples was 
observed to be higher than that of the wood fibre samples. 
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 Figure 25 and Table 27 compare the tensile strength of wood flour and fibre samples at the 
same wood content. 
 
Figure 25: Effect of reinforcement type on experimental tensile strength 
 
Table 27: Effect of reinforcement type on experimental tensile strength 
Wood content Mean tensile strength (MPa) 
30%Wood Flour 20.3 
30%Wood Fibre 20.7 
40%Wood Flour 20.2 
40%Wood Fibre 16.7 
50%Wood Flour 18.3 
50%Wood Fibre 15.2 
The summary table shows that the wood flour samples at 30% wood content have a lower 
mean of 20.3MPa compared to the 20.7MPa of the fibre samples. However this is because the 
minimum value for the 30% flour samples is dragging the average down and the box-plot 
shows that the flour samples perform better than the fibre samples overall. The tensile 
strength of the fibre specimens isn’t higher than the flour strips as predicted because of the 
poor interface between the fibres and matrix. The flour particles are smaller and more uniform 
in size which makes it disperse more evenly in the polymer medium. The difference in 
strength between the 40% as well as the 50% wood fibre and flour specimens is more 
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emphasised due to the greater lack of cohesion between the fibres and matrix at higher wood 
contents. 
Figure 26 and Table 28 show the higher stiffness for fibres compared to flour at a wood 
content of 30% followed by a lower relative value at 40% and 50% wood content. 
 
Figure 26: Effect of reinforcement type on experimental tensile modulus 
   
Table 28: Effect of reinforcement type on experimental tensile modulus 
Wood content Mean tensile modulus (GPa) 
30%Wood Flour 1.8 
30%Wood Fibre 2.2 
40%Wood Flour 3.0 
40%Wood Fibre 2.3 
50%Wood Flour 3.2 
50%Wood Fibre 2.9 
The wood fibres have a higher modulus at 30% wood content as the stress induced can be 
spread over the larger overall surface area of the fibres to reduce the strain experienced. 
However, the wood flour particles are more efficient at resisting deformation at higher wood 
contents because the particles are better dispersed compared to the fibres. The higher 
homogeneity of the wood flour sample opposes the tensile force exerted on the gauge length 
more effectively. 
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Figure 27 and Table 29 highlight the higher elongation at break exhibited by the wood flour 
trials compared to the wood fibre tests. 
 
Figure 27: Effect of type of reinforcement on experimental elongation at fracture 
 
Table 29: Effect of type of reinforcement on experimental elongation at fracture 
Wood content Mean elongation at fracture (%) 
30%Wood Flour 6.0 
30%Wood Fibre 4.1 
40%Wood Flour 3.5 
40%Wood Fibre 3.3 
50%Wood Flour 1.4 
50%Wood Fibre 1.6 
The summary table indicates that the wood fibre runs have a higher strain at break using a 
wood content of 50% (1.6% compared to 1.4%) but the box-plot shows that most of the flour 
tests at this wood percentage in fact have a higher elongation at break. The wood flour 
interacts with the polymer matrix in such a way that the bonds between the reinforcement and 
medium are more elastic compared to the fibres, thus allowing the gauge length to stretch 
more. 
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5.5 Effect of coupling agents (MAPP) 
As predicted, the runs with MAPP performed better in terms of tensile strength due to the 
improved cohesion between wood flour particles and PP medium. The increasing modulus 
with the introduction of MAPP agrees with Nishka’s observation and the coupling agent 
didn’t really affect the elongation at break. The coupling agent improved the stiffness as it 
made the flour particles more resistant to the deformation caused by the tensile force that was 
applied. MAPP has the effect of increasing fibre dispersion which allowed the stress to be 
more evenly distributed through the sample. 
 Figure 28 and Table 30 indicate the increase in tensile strength after the addition of MAPP. 
 
Figure 28: Effect of MAPP on experimental tensile strength 
 
Table 30: Effect of MAPP on experimental tensile strength 
Specimen content Mean tensile strength (MPa) 
50%Wood flour 18.3 
50%Wood flour, 2%MAPP 19.5 
50%Wood flour, 2%MAPP, 
10%Talc 21.6 
The box-plot and summary table show that an introduction of 2% MAPP improves the 
strength from 18.3MPa to 19.5MPa and this is not affected by the addition of additives such 
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as talc. The improved interface as a result of the MAPP allows more stress to be transferred to 
the stronger wood flour particles which increases the tensile strength observed. The increase 
in strength is a lot lower compared to the almost 100% increase reported by (Yeh et al 2013) 
which suggests that additives may have been used to improve the strength of the composite in 
that study. 
Figure 29 and Table 31 show the improvement in stiffness that MAPP results in when 
included in the WPC extrusion. 
 
Figure 29: Effect of MAPP on experimental tensile modulus 
 
Table 31: Effect of MAPP on experimental tensile modulus 
Specimen content Mean tensile modulus (GPa) 
50%Wood flour 3.2 
50%Wood flour, 2%MA 3.3 
50%Wood flour, 2%MA, 
10%Talc 4.3 
The results support the observation made by (Ndiaye et al 2012) that MAPP does increase the 
stiffness of WPCs. The box-plot illustrates that the tensile modulus of the runs with just 
MAPP increases a lot more compared to the sample without MAPP than the 0.1GPa recorded 
in the summary table suggests due to the maximum value of the tests without MAPP 
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increasing the average. The coupling agent increases the amount of stress required to deform 
the specimen by the same amount strain. 
Figure 30 and Table 32 indicate that MAPP does not really affect the strain at fracture of the 
samples. 
 
Figure 30: Effect of MAPP on experimental elongation at break 
 
Table 32: Effect of MAPP on experimental elongation at break 
Specimen content Mean elongation at break (%) 
50%Wood flour 1.4 
50%Wood flour, 2%MA 1.3 
50%Wood flour, 2%MA, 
10%Talc 1.1 
The median, Q1 and Q3 of the sample with and without MAPP varies from 1.2%-1.6% 
(excluding sample with talc). A variation range of 0.4% suggests that MAPP doesn’t affect 
the elongation at break which corroborates the information presented in the literature search. 
5.6 Effect of additives (Talc and calcium carbonate) 
The experimental results show that talc increases the tensile strength when 5% talc is added 
but reduces when this is increased to 10%. However, the addition of MAPP improves the 
tensile strength of the 10% talc run compared to the test with 5% talc (without MAPP). 
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Calcium carbonate reduces the strength of the samples as expected. Similar to the tensile 
strength results, talc increases the stiffness when 5% talc is added but only improves at 10% 
when MAPP is added. Calcium carbonate reduced the stiffness despite the expected increase 
in modulus. The decrease in stiffness may have been because the calcium carbonate 
percentage of 10% is too high and should be reduced to 5% to increase dispersion of the 
particles. Talc and calcium carbonate also had little effect on the elongation at break of the 
tests. 
Figure 31 and Table 33 show the increase in tensile strength caused by talc and the decrease 
in strength as a result of calcium carbonate. 
 
Figure 31: Effect of additives on experimental tensile strength 
 
Table 33: Effect of additives on experimental tensile strength 
Specimen content Mean tensile strength (MPa) 
50%Wood Flour 18.3 
50%Wood Flour, 5%Talc. 20.5 
50%Wood Flour, 10%Talc. 17.9 
50%Wood Flour, 10%Talc, 
2%MAPP 21.6 
50%Wood Flour, 10%CaCO3 14.4 
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Talc increases the tensile strength of the 50% wood flour samples from 18.3MPa to 20.5MPa 
when 5% weight is used as the stress induced by the tensile test is transferred to the stronger 
talc particles. The addition of MAPP is needed when 10% talc is used as it improves the 
interface between the additive and WPC to increase the tensile strength further to 21.6MPa. 
Calcium carbonate has an adverse effect on the tensile strength due to the poor interaction 
with the polymer and results in a mean tensile strength of 14.4MPa. MAPP could be used to 
improve the cohesion between calcium carbonate and the matrix but it is expected that the 
negative effects can be reduced but not eliminated. Further investigation into this matter needs 
to be completed to confirm this hypothesis. 
Figure 32 and Table 34 illustrate the increase in stiffness that talc results in and the 
unanticipated decrease in modulus caused by calcium carbonate. 
 
Figure 32: Effect of additives on experimental tensile modulus 
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Table 34: Effect of additives on experimental tensile modulus 
Specimen content Mean tensile modulus (GPa) 
50%Wood Flour 3.2 
50%Wood Flour, 5%Talc. 4.0 
50%Wood Flour, 10%Talc. 3.6 
50%Wood Flour, 10%Talc, 
2%MAPP 4.3 
50%Wood Flour, 10%CaCO3 3.1 
Talc improves the tensile modulus from 3.2GPa to 4GPa when 5% talc is used and only 
increases the stiffness further at 10% talc to 4.3GPa when MAPP is added. The coupling 
agent increases the weight fraction of the matrix slightly which helps disperse the talc 
particles more evenly. Calcium carbonate slightly reduces the tensile modulus of the 50% 
wood flour sample from 3.2GPa to 3.1GPa despite the expected increase. A possible 
explanation for this as alluded to earlier is that a calcium carbonate percentage of 10% is too 
high and the particles don’t spread evenly when extruded. A lower calcium carbonate 
percentage of 5% should be extruded in further studies to investigate this hypothesis. 
Figure 33 and Table 35 indicate that both talc and calcium carbonate have little effect on the 
elongation at fracture of the specimens. 
 
Figure 33: Effect of additives on experimental elongation at break 
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Table 35: Effect of additives on experimental elongation at break 
Specimen content Mean elongation at break (%) 
50%Wood Flour 1.4 
50%Wood Flour, 5%Talc. 1.9 
50%Wood Flour, 10%Talc. 1.4 
50%Wood Flour, 10%Talc, 
2%MA 1.1 
50%Wood Flour, 10%CaCO3 1.1 
The talc average results varied from 1.1%-1.9% and the calcium carbonate results averaged 
around 1.1% compared to the 1.4% of the 50% wood flour run. The readings suggest that 
neither of the additives have a major effect on the strain at break. 
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6.0 Conclusions and recommendations 
 A tensile strength magnitude of 26.9MPa, 18.3MPa and 15.2 MPa was measured for 
pure PP, 50% wood flour and 50% wood fibre respectively. The measured tensile 
strength of pure PP is even lower than the yield strength quoted by the manufacturer, 
LyondellBassell (31MPa), and the strength of the 50% wood samples is lower than the 
26-28.5MPa achieved in literature. The lower tensile strength measured can be 
attributed to the incomplete optimisation of the extrusion parameters. The stiffness 
recorded for these 3 runs are 1.6GPa, 3.2GPa and 2.9GPa for pure PP, 50% wood 
flour and 50% wood fibre respectively which is similar to the moduli reported by other 
researchers. The elongation at break of the pure PP was 13.6% which is higher than 
the 8.2% in literature but for a different type of PP and the strain at failure for the 50% 
wood specimens were similar to the 2% value achieved by other researchers. 
 Increasing the wood content reduced tensile strength due to poor interface and 
increased stiffness as it improved resistance to tensile deformation. Elongation at 
break decreased as a result of increasing wood content due to lower ductility 
 The wood flour extrusions had higher tensile strength compared to the wood fibre 
samples of the same wood content as a result of better cohesion with the polymer 
matrix. The wood flour runs also displayed higher moduli at higher wood content due 
to the more homogenous distribution of particles. The strain at fracture of the wood 
flour samples were higher compared to the wood fibre specimens. 
 The addition of MAPP improved the interaction between the matrix and reinforcement 
thus increasing the tensile strength. The coupling agent also improved the dispersion 
of wood flour in the medium which increased the stiffness of the composite. MAPP 
had little effect on the elongation at break. 
 Additives such as talc increased tensile strength as stress is transferred to the stronger 
talc particles. The stiffer talc particles also improved the tensile modulus and did not 
have a significant impact on the strain at break. Calcium carbonate decreased tensile 
strength due to poor interface with the matrix and unexpectedly reduced the stiffness. 
It is recommended that a lower calcium carbonate content of 5% instead of 10% is 
tested as this may improve dispersion and give the increase in tensile modulus that 
other researchers have observed. Similar to talc, calcium carbonate had little effect on 
the elongation at failure. 
 Most of the results agree with the observations made in literature and discrepancies in 
magnitude can be attributed to incomplete optimisation of extrusion paramaters. 
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8.0 Appendix 
8.1 Materials data sheet (PP HP422M) 
 
8.2 (Complete comparison within runs)  
 
Figure 34: Run 2 (30% Wood flour) 
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Figure 35: Run 3 (40% Wood flour) 
 
Figure 36: Run 4 (50% Wood flour) 
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Figure 37: Run 5 (50% Wood flour, 10% Talc) 
 
Figure 38: Run 6 (50% Wood flour, 5% Talc) 
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Figure 39: Run 7 (50% Wood flour, 2% MAPP) 
 
Figure 40: Run 8 (50% Wood flour, 10% Talc, 2% MAPP) 
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Figure 41: Run 9 (50% Wood flour, 10% CaCO3) 
 
Figure 42: Run 10 (60% Wood Flour) 
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Figure 43: Run 11 (40% Wood fibre) 
 
Figure 44: Run 12 (30% Wood fibre) 
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Figure 45: Run 13 (50% Wood fibre) 
 
Figure 46: Run 14 (Attempted 60% Wood fibre but only managed 51%) 
 
0 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
0 0.5 1 1.5 2 2.5 3 3.5 4 
Te
n
si
le
 S
tr
es
s 
(M
P
a)
 
Tensile Strain (%) 
56 
57 
58 
59 
60 
0 
2 
4 
6 
8 
10 
12 
14 
16 
18 
0 0.5 1 1.5 2 2.5 3 3.5 
Te
n
si
le
 S
tr
es
s 
(M
P
a)
 
Tensile Strain (%) 
61 
62 
63 
64 
65 
